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Uniaxial Tensile and Compressive Stress-Strain Behavior of Multi-scale Fiber-reinforced
Ultra-high Performance Concrete

ZHANG Wenhua', ZHANG Zixiang', LIU Pengyu', ZHANG Yunsheng®3, ZHANG Chunxiao®, SHE Wei"
(1. Department of Civil Engineering, Nanjing Forestry University, Nanjing 210037, China;
2. Department of Materials Science and Engineering, Southeast University, Nanjing 211189, China;
3. College of Civil Engineering, Lanzhou University of Technology, Lanzhou 730050, China;
4. National Defense Engineering Institute, Academy of Military Science of PLA, Luoyang 471023, Henan, China)

Abstract: A nano-, micron-, and millimeter-sized multi-scale fiber composite reinforced ultra-high performance concrete (UHPC)
was proposed. The mechanical properties of UHPC can be improved by suppressing the defects of different sizes with different fibers.
Carbon nanotubes, micron-sized calcium carbonate whiskers, and millimeter-sized steel fibers were used to design 7 groups of UHPC
specimens. The axial tensile and compressive stress-strain curves of UHPC were measured. The results show that the imitial crack
strength and strain of UHPC are determined by the millimeter-sized steel fiber in a macro-scale. However, micron- and nano-sized
fibers have little effect on the initial crack strength and strain. The addition of calcium carbonate whiskers and carbon nanotubes
changes the tensile behavior of UHPC specimens after cracking, thus enhancing the strain hardening capability. The tensile and
compressive properties of UHPC with different sizes of fibers are similar. The addition of calciim carbonate whisker has a positive

effect rather than that of carbon nanotube when mixing with steel fiber. The effect becomes optimum when adding calcium carbonate
whiskers and carbon nanotubes.

Key words: ultra-high performance concrete; multi-scale;fiber; calcium carbonate whisker; carbon nanotubes

Wk H W 2020-03-16. 21T H M. 2020-04-20. Received date: 2020-03-16. Revised date: 2020-04-20.
BemH. EHEESESE ST L0 H (51678309, 51978339); R First author: ZHANG Wenhua (1982-), male, Ph. D., Associate Professor.
WM R E g e (U LRSI &, I E-mail: zhangwenhua2009@163.com

o E AL P R @ TR B I H (PAPD).
- EH Fkct1982—), B, i, BlHUZ.




« 1156 CheEFR R 2 )

J Chin Ceram Soc, 2020, 48(8): 1155-1167

2020 4F

AR AR IR B (UHPC)JE — R i K 38 B KT
150 MPa. fiifishE KT 7 MPa [f#— RS
B2l UHPC B4 EER. S i a0 5
VERE, fEREEI. REWNE. FHOFTE. %
I AR SRR TREAMER RS, BEA
AP T S A B B A e i L
I i B AR AL, AR 4Ef N, J& UHPC 3k
B R — NN R, Am, REHA
UHPC HiJE MREE L 150 MPa, {hRRE4Eifs ik
B - AR BT LU AR AOARAE, BRAES N T KE A
AN, DR BIBTE SRR 1710071, (R, B
F g F UHPC mIbthrthee, =i —P 12
UHPC 1 RE# 77 i B R 7 1) .

KEMTFAEYE, 050N E 548 4T
Y. BEA 3%LLTH, UHPC HHhCHh o8 E 4
A 7~10 MPa. X/ H T FHEL4ES UHPC ST
B om B A N AR AT it . EAR AT LA I ik — 2D 4
AT SRR m PR R, (HEiE R UHPC #is)
VEREAR Bl TEREAR 245 ) . N T IR PLRERAE,
WFFE AR T R 5 B £F o LA R S 7o 14 5 4
T H A 4R & B4 J7iRE 810, Seung Hun Park
SRR v g A L R 6T 00 R4 P AT 4
BT, Hil& B OPUR SR IL 18.6 MPa [F)TR#EE
+ . Doo-Yeol Yoo ZEMIF]F 30 mm B 7 B 2T 4 F
13 mm [P ERLT4ER A 0 %, e b di
SRAEIA 17 MPa ) UHPC . %49 K AR B, #F

O B AR i w847 0213, Shan He S8 M B 4K
EW T AR, DA /KR R A Y ) B
SERRFE, KIL UHPC MO fihias B HE a1 15%,
RIAERE 4 T 20%.

R SCHER 4R R UHPC B4 it BEAR AL T 1R &
HIEEAR B SR, T SCHERASHE R, A
REB o ZRSEh T MR A 4E 4t UHPC R34 5.
UHPC &M Z AN E SR, UHPC Hefk, 44
PAK UHPC H:Ak-£-4E 2 (8] ) St X (1TZ2) =3
7] 2 M # UHPC #HRM R ERE. #4842 7 UHPC
HILRL Tt RE, AR X 3 AT HEF. Bk,
UHPC /L& R Z LI fISRSE, EEAaREYK
R T B KACRE BRI (CSH). AR RE &
MFLUA R 2Kk R R R E MBS, SR, HElw
HAS FH A 22K 00 ) AR AT 4, o) T 40K RO (1) 0 B
HEARATSEER; R, gk R EE T4 Xt
FEKRRER WAL 42 Ak ER BRI EIR. &

Foh OB [ 14 50 T (R ROBE T 10 2 5 28 s I F 41
e & .

BT Edatr, REYK-EOK-2RE RELH
Y57 A58 UHPC FEAR, 8 I AN R £ 40
HAS [ R B BB, SRR T UHPC 19 /)24 g I8
LB YK R BRI R KE (CNTs) TIOK RUBE ik
B 5 i 0 (COW) Al 22 2K RLFE (4R £ 4E(SF), it
7 MR R L 43544 UHPC 44, Wik UHPC
B Cop TR Ao p TR B A AR 2R, SR LR
FE. FPRAR, BOTURIBEEE . PRI AR 5
FE. BAMERER ., I ANAR . PR TIPESE RS
o, BALPiRL. PUEAMEAL: &G54 UHPC
S FRUE A O BB B, TR 2 R A
4T UHPC AL .

1.1 [EAR

IKPE NI -/NEF KA B AP/ PI 52.5
WERgEhKUe, 28 d PLRIRELN 56.7 MPa, A
3.08 g/cm:‘, HL R A A 417 mzf'ga RN FigE
BHAFAEFE, w(Si02)>95%(JRE 450, ZEA
2.01 g/em?®; BN — 2k K, BRI K 2.61g/em’s
3 Pl EER B 2 A B o A BEPE BE NS’ 1 BT
e APERPR 270, 2124 106, 48 pm 4 FPAS[E] R
FHTIR A TEESL R, BN 2.6 glen’s

WK E A2 BERRGOKE, PR T oA RE ok
AR, I S HLBE TR 50 000 )G MEL, TR AN
WEIEs BT IRGUKRE RSP, RmAER, WM R
BIRR N A BRI A L B e e — k2, (R /e ik
B B HCR R A R T AL B AN . WA AR A
SERVIRBE AN A, DR N OvERIRR A, W
BEWBE, LEVRE. NI BHTE
RBP4, FMPER . 3 FhA R R R 4 e
J1EMERR IR 2 TR
1.2 UHPC E& it

i = T RE VR AE L EC A LT A A AN A
BT R B AR SR, AR TR SRR
NIE R A4 o R FIBOGRE SO R KRG $E K
FEIR . A BERb I R o A il 28, BT B AN
W4T UHPC AL, 375 55 2% (1047 PR AT
HERUE 2R S OE 5 B AR P ORL A B 2k, IR S
Al A RS, ASRISAHY UHPC #4145 1)
RFREL, MEARMZR AR 1 Bk, B WTRAEH,
B R 2R AR B B AR R AR 28, R HERLMUR



48 AR5 8 1

FROCHE S B RUSET A 5 e 1 R TR 1 oL AT T N AR AT ;

1157 -

R®1 BREMARCEEERIIIEMRE

Table 1 Chemical composition and physical properties of binder

Material b RpFsiR R Density/(kg-cm ™)
Si0, Fe,0; MgO ALO; Ca0 SO; LOI (m*kg™)
Cement 20.6 4.4 2.5 5.0 65.1 1.3 1.0 417 3.08
Silica fume 94.5 0.8 0.3 0.3 0.8 0.8 1.0 2200 2.01
Fly ash 55.0 59 1.3 313 3.9 1.5 1.0 686 2.61
#2 FERESHIEMESH
Table 2 Physical properties parameters of different scales fibers
Fiber Diameter/nm Length/pm Aspect ratio Tensile strength/GPa Elastic modulus/GPa Density/(g-cm™)
CNTs 20-50 3-12 200-400 800.0 1000 1.8
cCcw 100-200 50-80 20-30 5.2 700 2.8
SF 180 000 13 000 50 3.0 210 7.8

CNTs are carbon nanotubes; CCW is calcium carbonate whiske; SF is steel fiber.
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Fig. 1 Accumulation curves of UHPC
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Table 3 Mixture proportion of UHPC kg/m?

Silica Quartz sand/um

Sample No. Cement Water FA SF CCwW CNTs
fume 270 212 106 48

SFO0 800 180 150 96 409 352 312 39 0

SF1 800 180 150 96 409 352 312 39 78

SF2 800 180 150 96 409 352 312 39 156

SF3 800 180 150 96 409 352 312 39 234

SF3CCWO0.5 800 180 150 96 409 352 312 39 234 14

SF3CNT0.01 800 180 150 96 409 352 312 39 234 0.08

SF3CCWO0.5CNT0.01 800 180 150 96 409 352 312 39 234 14 0.08




« 1158 - CheEFR R 2 )

J Chin Ceram Soc, 2020, 48(8): 1155-1167

2020 4F

132 UHPC #&#  UHPC &R T: (1)
PO SR 5K W R AN AR S5 A L — &2
ANBERERL T8 2 ming (2) B2 B BORRE AN K B T
AR AR, 5 1/2 RIZAKRE K A15R
&, TR N K E B RS W K A K IR &
W (3) FREWBIABFNFR, #H: 3 min, AFH
A 5 — e ARk AR GRVR A B N R 4R B HE 7 min;
(@) FFWELEIMABEFENL, FiHE 2 min: (5) Kt
UFf UHPC FENMBIELE, WE T#Rsh & Liksh®
S5, FFELR 10 s (6) JGRUELLF ) UHPC JHE TN
FEA 1 d A REE, ARSI N 20 C L AR N
90% A it FR P 77 28 d.
1.4 HFEEEERE
141 #ofdnkis UHPC B9 S BhR R Es i
F5F R fE R B AR A IR A A 1) UTMS305 B Ji6E
RIGHUEAT . R g Sk kil k2
FE R 50 mm; PRI e R BN 135 mm., % 85 mm,
b [E) 52 47 X EE K9 180 mm, % 50 mm. A [ {EE
UHPC & fFAER i F2 o] LLSE B PRI, 4F
#l T BA AR SKEMA, el fERiprd v 5 3
o TEIRPFRZRIX B, FJE RS AN LVDT &
e b, WEREZ R R R . R
P IE R ARSI, nEkEZh 0.04 mm/min.
KH TDS 2l R SR A R SR AR Anf 20 R AR
i, EFSERN 1 Hz.
142 fho HiE R 5% AT E AR AT LU AR
UHPC FiliC L N A7 38 28 ) BB, 3646
5 A F AN B8 A PR 2 J 42 = YAW-G3000 A FIEE i
LT . AR R R, A ¢100 mmx
200 mm. FEIRAFHEE, HRBE¥ 2 A~ LVDT [HEfE
AL, MERE 2SRRI .. SR
RECR A B, INBEEEZEN 0.05 mm/min. K
F1 TDS s AR A A [R] i SR 82 77 R M3 24
1.5 R EE

¥ 715 M REA RS i R 1 om B A A I
REL R, MR T K CEF, RilL3d.
PR B, CE T RetF H i 60 C LR
FUET 48 h 2T, FAHEOSERRT. £
IGFFURRT, XHAPLEATHI A, AR S,
ﬁm&%i%,%F%ﬁZWﬁ K. FH Quanta
2000 PRI HE A B0 5 AN A 4 AN B BR £ 40 207
UHPC A ()73 At L s ﬂmmemm%&W%%M
SERRAN A TR AT 2 2 1R K Y8 5 o Hp 1 A A T

2 H#REH®

2.1 HuOinhndiE

211 Hpobihipif-piAEdZE B 2a A7 Ao
] UHPC Fi# b il i Bl O i o2 F7- AR 28, A
TIEREN SR M BB R A L4, K ih )=
O, W 2b Fras. AE 2 aTRLE H, AFERE
YR, X T UHPC RSO HLR e E T &
ZEEm . TR BIMERA4ER) SFo 4,
L HA LT, WA TR, BEPRatEi BE R
PFEEWZ, B TIEMIN. U INRE 4Ef) SF1.
SF2 # SF3 i - IR it 72 5y AWML, INB I 1%
WA HEB RN SFL, 31 DN BRSPS B, 7EMN
JUEFNEE G, HENGE 2 BBL, AR, MR
HTRE, &2 THEERS, ERRtHR, B
TN AN . & T SF2 M SF3 IAMS B,
TR A5 B0 N, B BEESS, &1 AT
LT b O R, A I FE b b o R A 5 Y
B, BHHE T —EHNERR IS . X TEAS

12
10~
i
S e
g o
g "B\ , "
= B 2 ——SF0 '~
“ 4k it *. — ~-SFI
\ ™. -~ - SF2
EERS = — - SF3
2F — - -SF3CW0.5
- = = SF3CNTO0.01
4 <+ SFACWO0.5CNTO0.01
0 5 10 15 20 25 30
Strainx10°
(a) Full view of stress-strain curves
4 g * e .
e
/ "7
T //
y
£ 7
s | %) ——SF0
z2 —';;/ —. =BF]
= - - SF2
s P — - SFm
— - -SF3CNTO0.01
L - - - SF3CCW0.5
i <+ SF3CCW0O.5CNTO0.01
1 1 1
00 5 10 15 20

Strainx10°

(b) Local amplification of stress-strain curves

B2 BhCoduh g 77— il 25

Fig. 2 Tensile stress-strain curves



48 AR5 8 1

st S 2 RPEET ARG o i 1 e VR T A DU R 8 AR AT A

« 1159 -

T 3 FAFERESF4E SF3RCCW0.5. SF3CNT0.01
Al SF3CCWO0.5CNT0.01, fFRIBER AT Aor N 3 A
FrEt. 281 MYBONSRMER B USRS E)S,
BENES 2 NEYBE, WM B R 738 N i [F) R
RASB ARSI ERIABEERN G, BN 3 A
Brig, WA RRE, NRRRSHE R, BRI
Kk, B0 7 2 KRB A4 0 - R TR T 5 AR 1 1k
PR . BHUEAT LLEH, B INTHeR N R A BR RS & 2
MGk RIEERTYKE, B58 T UHPC & {10 Fhdr
B AR ot F R 1 AR B () R, [ AR Y AR T g
JI35 .

M ] 2 SBTT LAFRTS UHPC 242641240 B 4]
PRI RN AR . T S B A B R RN A R
JIH. YT RENERAH B SFO. SF1. SF2.
SEF3 ., #J % far 2 B 4 fhoo0 b B GE BE . XN T
SF3CNTO0.01. SF3CCWO0.5 ll SF3CCW0.5CNT0.01,
S5 58 B NG Co UL SR o K ftb U L N 7 -7 AR iy
L5 F B AR AR AR R FR R
BT O PR IR I I 25 R T3 4 p
2.1.2 VIEBTE R 4 Pl RsEE A
MIZENAREAR, LS R S EE A (1) &
FAUIB I KRBT 41 UHPC R {4(SFO. SF1.
SF2 #1 SF3), BHAEMELHEH MR, WA
HIZN AR HBA B3N, 5 SFo AHEE, SF1. SF2 Al
SE3 RN AR 4 Al & 1 21%. 89%F1 132%. SF2
IV B SRR T SF1, EERZ BT RErEdENsh
Bt ). BEAMAC & A 3 AR B TP AT RS
H . 7 WA AL Ay v ) {0 A T - L ) ol A e 28
R HTRE LR, R W
%, T SF2 MyIAEEE R T SF1 AIfE.

(2) KT B INAS [F) P T I 515 o 200 B ik 4 K
f UHPC iR {4 (SF3CNT0.01 . SF3CCWO0.5 Al

SF3CCWO0.5CNTO0.01), Joit iR g sRgh KR 414
PSR, HAR R RN E A KK
AZ4k, 5 SF3 A EIEFERIE. Fitk, M EAR
AT S — A E AR, E R KN
YR E | UHPC ) S ss R R RAE, (H
TROU L BE ) A K 2 48 o AN 4 K 0 4 4 o T 24 o P
FI) L 5 B s AN K, 3 208 i 78 UHPC 2 hi )
iR, BEAE N EBN AT RIBE N, K3 3 Ak 2 AR PR
PURL R A5 51 B2, SR T OKR R A B ER A
ARG A R P Bl P K V) RO R /DN, 3F HAZ R
FE HIET 4 35 B4R, RLAE UHPC % WAL BE

EAECLRFEAER « SR KR AN A4 RUE R,
HHBREIE 3%, fE5/KIERM B2 W38
N ERFEEEMEM, FIy2ae ae iR 2 %30
P

213 EHEHE MR 4 BAEAE 2 FHhoht
B A7 AR 4 mT DL e, K e e R S o4 20
FGR BB AK I, BFEE T UHPC
WA R LG PRI R AT N . LB InA
g 2k R OBE 4T 4 ) SF3CNTO0.01. SF3CCWO0.5 Al
SF3CCWO0.5CNTO.01 i 4, & B 4B Tl K 4R 4R,
B R 15 0 20T CRAR T B AR KA AR, FF HL
FR A i LA BRI E P B HIB B tF. 5 SF3
fic & bt # b, SF3CNTO0.01 . SF3CCWO0.5 #l
SF3CCWO0.5CNTO0.01 [ J5 3458 B B b Lo 41 58 B
FHRE T 17%. 41%F1 65%. [T (/52 0RArRE
Ab, TRANKETAERIMAN (A5 AR R AL i B B R 4E
£, BERE THERIFERERE /1. M UHPC #IPER
AT LAE W, 5 SF3 i®FEAMIEL, SF3CNTO0.01.
SF3CCWO.5 #l SF3CCWO0.5CNT0.01 AR5 2>
TIIRE T 77%- 242%F1 303%. iX—%5 T 5 Shan He
SR 524

#F4 UHPC R hEF e
Table 4 Tensile property of UHPC

Crack strength/MPa

Crack strain=10° Tensile strength/ Toughness index/

AL Initial cracking stage Post cracking stage Initial cracking stage Post cracking stage ~ MPa (N-pm-mm~?)
SFO0 3.7 190 3.7 0.4
SF1 5.0 230 5.0 30.1
SF2 4.8 6.0 360 2400 6.0 48.9
SF3 6.4 6.9 440 4 000 6.9 54.2
SF3CNTO0.01 6.5 7.5 440 7500 .5 96.2
SF3CCWO0.5 6.5 9.0 450 16 100 9.0 185.3
SF3CCWO0.5CNT0.01 7.1 10.5 460 17400 10.54 218.3
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Table 5 Parameter of UHPC tensile model

Mix No. B o /MPa &, g &p =
GPa MPa

SFO 384 3.7 0.000 19

SF1 393 5.0 0.000 23

SE2 41.6 4.8 000036 6.0 0.0024 0.008 74
SE3 43.1 6.4 0.00044 69 0.0040 0.010 09
SF3CNTO0.001 442 6.5 0.00044 7.5 0.0075 0.01570
SF3CWO0.5 47.1 6.5 000045 9.0 00161 0.02538

SF3CWO0.5CNT0.001 474 7.1 0.00046 10.5 0.0174 0.025 62

Ey is elastic modulus; o, is cracking stress; g, is cracking strain: o, is peak

stress; &y, is peak strain; e, is ultimate strain.
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Fig. 5 Uniaxial compressive stress-strain curves of UHPC
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Table 6 Uniaxial compression performance parameters of

UHPCs
Al Compressive Critical Elastic Toughnes
strength/MPa strainx10° modulus/GPa index
SFO 114.0 339 35.8 0.2056
SF1 123.2 349 36.9 0.5916
SF2 126.3 346 38.1 0.693 9
SF3 133.5 338 39.5 0.794 2
SF3CNTO0.01 137.3 311 45.3 0.8955
SF3CCWO0.5 144.1 309 49.0 0.9558
SF3CCWO0.5CNTO0.01 155.3 311 49.9 0.9854
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(b) SF1

() SFCNT0.01

(f) SFCWO.5

(d) SF3
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K6 UHPC HiEMIRIERS
Fig. 6 Compressive failure mode of UHPC
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Table 7 Stress-strain curves fitting parameters of UHPCs

Descending part
Sample No. Ascending pat A —————————————— &’
B (&4

SFO 1.083 95 1.000 00 1.00000 0.998 80
SF1 1.021 61 0.00020 0.00165 0.971 358
SF2 1.022 86 0.288 17 1.09368 0.979 83
SF3 0.975 07 047759 1.23250 0.977 07
SF3CNTO0.01 1.001 84 0.56113 1.26676 0.98752
SF3CCWO0.5 1.035 15 0.37518 099304 0.98945
SF3CCWO0.5CNT0.01 0.991 74 0.34149 096165 0.98284
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Fig. 7 Fitting of stress-strain constitutive equation of UHPC
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(a) SF3 () Matrix of SF3CNT0.01

(b) Matrix of SF3CCW0.05

(c) Matrix of SF3CCW0.5CNTO0.01
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Fig. 9 Enhancement of micro nano fiber on UHPC matrix
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